Monthly precipitation and the 3-month Standardized Precipitation Index (SPI) were used to reveal the patterns of rainfall and severe drought frequency over the East European Plain in the period 1953-2011 in the opposite phases of the quasibiennial oscillation (QBO). Differences of precipitation and severe drought frequency in May and in June in the westward and eastward phases of the QBO phases are explained by circulation variations. The analysis indicates less frequent severe drought events over Ukraine and at the center of the European part of Russia in May in the westward QBO phase due to the intensification of the storm track over the East European Plain. The weather conditions in May and in June in the years of the westward QBO phase were more favorable for the yield. The difference of spring wheat yield in the westward and eastward QBO phase exceeds the same difference of winter wheat yield in the Central Black Earth region and in the south regions. Ukraine and the region to the east of the Sea of Azov are the most vulnerable areas of increased risk of severe drought during the active growing season at the end of the 20th and beginning of the 21st century.
Introduction
Drought as a natural phenomenon affects the ecosystems for a long time causing catastrophic damage to the environment and human activities. Formally, a drought is associated with a temporary decrease of the total moisture content due to a rainfall deficiency; it also accompanying the anticyclone activity. However, drought is a complex event and the risk of its occurrence is caused not only by a climatic factors.
The processes initiating drought are studied to reveal the causes of drought, its genesis, and positive/negative feedback mechanisms. The large-scale atmospheric mechanisms related to modes of climate variability and sea surface temperature (SST) anomalies were identified as influencing factors. Among the various forcing, the El-Nino/Southern Oscillation, the North Atlantic Oscillation, North Atlantic sea surface temperature, the quasibiennial oscillation were revealed [1] [2] [3] . However, the quasibiennial oscillation of global atmospheric processes significantly affects the highest-frequency component of the climate system.
It is known that the QBO affects the atmospheric circulation in the temperate latitudes and its influence propagates to the Earth surface. Regular measurements of the mean zonal wind components are carried by the radiosonde stations of the equatorial belt since 1953. The period of the oscillation is about 28 months [4] . The winds in the eastward phase of the QBO are approximately twice as strong as those in the westward phase. As a component of the global atmospheric circulation the quasiperiodic oscillation of the equatorial zonal wind in the tropical stratosphere (quasibiennial oscillation (QBO)) is the dominant mode of interannual stratospheric variability in the tropics. A mechanism, involving the interaction of internal equatorial gravity waves with the equatorial stratospheric zonal wind [5] , was subsequently clarified in many studies. However, the mechanism of the QBO influence on the climate is not clarified definitively [6, 7] .
The signal of the QBO cycle was detected not only in the variability of the stratospheric zonal and meridional wind, temperature, and geopotential height (e.g., [8, 9] ), but also in its influence on the surface meteorological parameters as well, for example, air temperature [10, 11] , precipitation [12] [13] [14] , and snow cover [15] [16] [17] .
In previous studies, the significant QBO signal was detected in September and October precipitation in the period from 1953 to the 1980s in the region of the British Isles, in the Central European region and in Belarus. Regions of the eastern Ukraine and adjoined regions of Russia had the significant QBO signal in precipitation in May [18] . There are a lot of studies on the detection of the combined impact of the quasibiennial oscillation and the 11-year solar cycle on precipitation patterns and crop yields [18] [19] [20] . However, in our research, a similar relationship was not found.
Therefore we limited study choosing for consideration of only the QBO.
Grain crop yield is primarily defined by the level of farming practices (technology), soil type, and climate. The grain belt of the East European Plain is located on a territory with low water resource and unstable moisture conditions. In these circumstances the prediction of the potential effects of changing weather and climate factors on crop yields is very important. The variability of grain yield and the fluctuation of seasonal precipitation on the European part of the former USSR were investigated under influence of quasibiennial oscillation in previous studies [21, 22] .
In this study, we extended the period of previous studies, including a period of abrupt climate change (at the end of the 20th century and the beginning of the 21st century). The regional peculiarities of spring-and-summer rainfall precipitation, drought, and grain yield in the south of the East European Plain were revealed under the influence of quasibiennial oscillation of global atmospheric processes. We also investigate circulation differences in the westward and eastward QBO phases, which may be the cause of differences in precipitation and drought.
The purposes of this paper are in investigation of possible influence of the quasibiennial oscillation on the variability of seasonal precipitation, frequency of the spring-summer atmospheric drought, and grain crop yields over the East European Plain and in the research of the cyclone and anticyclone activity in the temperate latitudes in both phases of the QBO.
Data and Methods
The main grain regions of Ukraine and the European part of the Russian Federation (EPR, the territory of Russia to the west from Ural mountains) located in the drought sensitivity territory of the East European Plain (to the south of 54 ∘ N) are in the focus of this study (Figure 1 ). The territory includes various landscape zones: semidesert, dry and typical steppe, southern and typical forest-steppe, marshy woodlands, and deciduous forests.
Monthly precipitation data of gridded resolution 0.5 ∘ × 0.5 ∘ were taken from the global monthly dataset CRU TS 3.21 (http://badc.nerc.ac.uk/) to examine the variations of amount of rainfall in both QBO phases. The Standardized Precipitation Index (SPI) data of gridded resolution 1 ∘ were obtained from the global monthly dataset of the National Center for Atmospheric Research (http://rda.ucar.edu/) and were used to analyze atmospheric drought severity. According to Thom's research [23] the gamma distribution fits the observed precipitation time series. The cumulative probability observed precipitation was transformed to the standard normal distribution with a mean of zero to calculate the SPI values in each node of regular grid. The negative values indicate less than median precipitation and dry periods: 0 to −0.99, mildly drought, −1 to −1.49, moderate drought, −1.5 to −1.99, severe drought, and −2 or less, extreme drought. McKee et al. [24] originally calculated the SPI for different time scales from 3 months to 48 months. For this study 3-month SPI time-series were utilized. Severe droughts of May and June are in the focus of the study as they potentially cause major yield losses. Drought frequency in the each grid cell was calculated as the ratio of the number of years with drought to the total years. Trend of severe drought in every node of the grid was calculated as the linear regression coefficient of a time series of SPI (where the SPI values above −1.5 were replaced by zero).
The QBO phase for the period of 1953-2011 we defined by the 30-hPa equatorial wind direction from April to June (the dataset of Freie Universität Berlin, https://climatedataguide .ucar.edu/). Positive wind speed is associated with the westward QBO phase and negative one with the eastward phase. As a result, the westward phase for the period of 1953-2011 includes 28 years and the eastward phase includes 31 years. The SPI, precipitation, and the crop yield data were categorized according to these phases of the quasibiennial oscillation.
It is well known that precipitation during vegetation period plays the key role to the plant phenology as the most important factor for productivity. Spring grain crops (including spring wheat and spring barley) are sensitive to the atmospheric drought in the south of the East European Plain at the early growing season and they are more drought-resistant in the mature stage [25, 26] . Agricultural methods in the former Soviet Union have been significantly improved in the 1980s of the last century. The annual yields of the winter wheat, spring wheat, and spring barley averaged in the regions of Ukraine and Russia according to agricultural statistics (http://agroua.net/statistics/, http://www.gks.ru/) were examined in the study.
The daily NCEP/NCAR reanalysis data of geopotential height of the isobaric level 1000 hPa (spatial resolution 2.5 ∘ ) was used for analysis of the location of the synoptic vortices [27] . The area of the region inside the maximum external closed bounding contour was considered in this study to characterize the synoptic vortex size. The definition of the cyclone/anticyclone center is such that its location should not match the grid cell where the minimum grid value is localized (for details see [28] ). The long-term average relative frequency of synoptic eddies in the 5 ∘ × 5 ∘ grid node was
International Journal of Atmospheric Sciences determined as a proportion of time when the vortex center is located in the 5 ∘ × 5 ∘ cell centered at the node. In this study we attempt to compare the severe drought frequency patterns, precipitation patterns, and the synoptic eddy patterns in the opposite QBO phases over the East European Plain at the beginning of the growing (vegetation) season for wheat and barley crops and to reveal significant differences. -test for independent samples by groups (at the 0.95 probability level) was applied for determination of statistical significance of precipitation differences and yields differences. Statistical significance of the differences in QBO phases in terms of drought frequency was determined using Fisher's exact test, which is most often applied to dichotomous nominal variables.
Results and Discussion
The previous study [29] revealed that the drought over the East European Plain occurs under the following global atmospheric circulation patterns.
(i) Arctic air mass formed behind the cold front of the Atlantic cyclone extends into the western and central part of the East European Plain. Area of the high pressure is being established and connects the Arctic anticyclone with the southern anticyclone in the warm season. Extensive drought occurring under these conditions appears more often on the south of the European part of Russia.
(ii) When the arctic air mass invades the Atlantic region or Western Europe, then a branch of the Azores anticyclone is being formed and it is moving eastward up to the south of Western Siberia. Under these conditions extensive drought occurs more often on Ukraine.
(iii) The drought over EPR or Ukraine may arise due to several anticyclones remaining after the destruction of a branch of the Azores anticyclone or an area of high pressure over the east of European Russia.
The mean frequency of atmospheric droughts for 1953-2011 in the south of the East European Plain in May and in June in both QBO phases according to the SPI data is shown in Figure 2 . The highest drought frequency in May and in June in the period 1953-2011 occurred in the westward QBO phase in the Northern Caspian region (up to 6% cases in May and up to 10% in June), in the southern Pre-Urals (up to 10% in May and up to 12% in June), in the steppes of the Volga region (up to 6% in May and up to 10% in June), in the west of Ukraine (up to 8% in May), and in the east of Ukraine (up to 6% in May and up to 8% in June) (Figures 2(a) and 2(b) ). The average frequency of severe drought episodes in the south of the East European Plain in the eastward QBO phase was higher than the frequency in the westward phase (Figures 2(c)  and 2(d) ). The severe drought with highest repeatability in May was observed throughout the south of the East European Plain in the eastward QBO phase: in the center of Ukraine up to 12%, in the region of the Sea of Azov up to 14%, and to the north-west of the Caspian sea up to 14% (Figure 2(c) ). The highest frequency of severe drought in June in the eastward phase observed in the east of Ukraine (up to 10%) and in the territory between the Black Sea and the Caspian Sea (up to 10%) (Figure 2(d) ). The drought frequency in the Volga region and in the southern Pre-Urals during the eastward QBO phase did not exceed 6% in May (Figure 2(c) ) and 3% in June (Figure 2(d) ). As shown in Figures 3(a) and 3(b) , higher precipitation in Ukraine and in the south of the European part of Russia was observed in May and June in the westward QBO phase. The significant westward/eastward phase differences in precipitation in May are localized in central Ukraine (differences from 27% to 59%), in the west of Central Black Earth region of Russia (differences from 27% to 37%) and in the lower Don basin (from 33% to 58%). Differences in the amount of rainfall in June in both QBO phases are significant only in small areas to the north of the Caspian Sea. Our results are consistent with the previous studies [18] . to 16 severe drought per 100 years) and to the north of the Caspian Sea (differences from 13 to 20 severe drought per 100 years). Analysis has shown that the same frequency in June is lower in the north of Ukraine (differences from 9 to 12 severe drought per 100 years), in the west of Central Black Earth region (differences to 9 severe drought per 100 years), and in the Rostov Oblast and in the Krasnodar Krai (differences to 9 severe drought per 100 years), but it is higher in the Volga region (differences to 11 drought in 100 years). However, only small areas of significant differences in the west of Central Black Earth region and in the north of Ukraine were detected. Despite the fact that areas of significant differences are relatively compact, one should note that the spatial coherence of the difference sign over vast regions strongly indicates the influence of the QBO phase on both precipitation and drought. Multidirectional coefficients of the linear trend of severe drought in the East European plain in both QBO phases were identified during the period of active climate change of 1991-2011 (Figures 4(a), 4(b), 4(c), and 4(d) ). The highest rates of drought count increase were detected in the eastward QBO phase: the largest negative trends in May were revealed in Ukraine (excluding the western regions) (Figure 4(c) ), and the similar trends in June were identified in the center of Ukraine, to the east of the Azov Sea, and in the Volga region (Figure 4(d) ). Negative trends in the westward QBO phase were revealed only in May in the north of Ukraine (Figure 4(a) ).
Increase of spring wheat yield in the European part of Russia averaged for years of the western QBO phase is consistent with the increase in precipitation and reduction of severe drought frequency over the East European Plain observed International Journal of Atmospheric Sciences in the same period. The largest increase of the yield of spring wheat was detected in the western regions of the EPR (35.5% in the Bryansk Oblast, 25.9% in the Belgorod Oblast, 26.8% in the Rostov Oblast, 23.9% in the Volgograd Oblast, and 23.3% in the Voronezh Oblast) declining on the direction to the north-east ( Figure 5(a) ). The patterns of winter wheat yield in both QBO phase are less consistent with patterns in rainfall and severe drought compared to spring wheat yield ( Figures 3 and 5(b) ). This effect can be explained by the fact that important weather conditions of vegetation for growing season in the autumn and winter conditions for the winter wheat crop have not been analyzed. The largest increase of the winter wheat yield averaged on the westward QBO phase years compared to the same in the eastward phase has been revealed in the Ulyanovsk Oblast (21.3%), in the Republic of Tatarstan (21.8%) and in the Luhansk Oblast (21.4%). Significant difference in the winter wheat yield in both phases was detected only in Luhansk Oblast. The results are consistent with previous studies of variability of winter and spring wheat yields in the QBO phases [21, 22] . Note that the sustainability of the QBO signal in various regions was determined by the studied period. The results of the comparison of areas of increased precipitation and spring barley yield and the areas of the decrease of the drought frequency in the westward QBO phase in the period 1958-2011 are consistent (Figures 3 and 5(c) ). The major increase of the spring barley yield in the westward QBO phase was noticed in the Republic of Bashkortostan (30%), in the Rostov Oblast (28.3%), in the Ryazan Oblast (26.8%), in the Republic of Kalmykia (26.9%), and in the Luhansk Oblast (27.6%) ( Figure 5(c) ).
The yield of both wheat types in the European part of Russia in the westward QBO phase exceeds the same yield in the eastward phase in the Central Black Earth region (by 3-10%) and in the south regions (by 5-12%) in the period 1953-2011 ( Figure 5(d) ). More difference for spring wheat was associated with its sensitivity to the rainfall deficiency and drought during the active growing season in May at the East European Plain.
The increased humidification in the south of the East European Plain in May in the period 1953-2011 in the westward QBO phase can be explained by the difference in the cyclonic activity in the opposite QBO phases (Figure 6 ). The principal storm track in the region is localized zonally about 50 ∘ N over Ukraine; it is displaced north-westward at about 35 ∘ E in May in both QBO phases. However, the storm track intensified strongly in the westward QBO phase and the highest cyclone frequency shifted from the west to the east of Ukraine to the Poltava-Kharkiv region (area I in the Figure 6(a) ). Furthermore, the intensification and expansion of the storm track resulted in the increase of density of the cyclone centers in the south of EPR in the Rostov Oblast and in the Krasnodar Krai (area II in the Figure 6(a) ). Rainfall is associated with the passage of a cyclone; it caused the increased humidification in the south of the East European Russia in the westward QBO phase. Note that significant difference in the frequency of the cyclones occurrences in June was not found (not shown).
We analyzed variations of the atmospheric circulation using the average characteristics of anticyclone activity (≪composites≫) to explain the increased and decreased humidification. The decrease of moisture content in the Voronezh Oblast, Rostov Oblast, Volgograd Oblast, Astrakhan Oblast, and Republic of Kalmykia in May and June in the westward QBO phase was observed. The increased moisture content occurred in the North Caucasus and in the southern Pre-Urals. The reduced aridity in May is associated with lower anticyclone frequency (area M1 in the Figure 7 (a)) along with higher cyclone recurrence (Figure 6(a) ). At the same time, higher frequency of the anticyclone in the westward phase was observed in the North Caucasus (area M2 in the Figure 7(a) ).
The anticyclone frequency in the southern Pre-Urals in May in both QBO phases is approximately the same, but sizes of anticyclones are greater there and therefore larger areas are subjected conditions conducive to the drought here. In addition, larger and less mobile anticyclones effectively block cyclones to the north of the Caspian Sea (area III in the Figure 6(b) ).
As shown in the Figure 8 , the similar patterns of anticyclone activity in June in the opposite phases are observed (in the westward phase: reduced frequency of the anticyclones in the J1 area (Figure 8(a) ); increased frequency of the anticyclones in the J2 area (Figure 8(a) ); the larger cyclones in J3 area (Figure 8(c)) ). Maximum of the anticyclone area in the eastward phase over the east of Ukraine hardly leads to additional increase of aridity in the south of the East European Plain, due to the low frequency of the anticyclone occurrence (Figures 8(b) and 8(d) ).
More precipitation and less frequency of the severe atmospheric drought over the East European Plain on average in the years of the westward QBO phase as compared to the eastward phase during the period 1953-2011 resulted in more yields of the spring wheat. The observed effects are explained by circulation differences in the QBO phases. Therefore the priority of the use of spring wheat in the Central Black Earth region and in the steppes of the European part of Russia in the westward phase can reduce agricultural risks. In this case, the quasibiennial oscillation may be used as one of the reliable predictors. However, this topic requires further study including the other drivers of the influence on crop yield. of the significant differences of precipitation and drought frequency in the QBO phases were identified in May. More rainfall and less severe drought frequency in May and June (excluding the area north of the Caspian Sea) were observed in the south of the East European Plain in westward QBO phase compared to eastward QBO phase. The significant westward/eastward phase differences in precipitation in May were localized in central Ukraine, in the west of Central Black Earth region of Russia, and in the lower Don basin. Less uniform patterns of precipitation in the south the East European Plain were revealed in June. The significant differences in the frequency of severe drought in May were identified in central Ukraine and to the north of the Caspian Sea. Analysis has shown that the same frequency in June is lower in the north of Ukraine, in the west of Central Black Earth region, in the Rostov Oblast, and in the Krasnodar Krai, but it is higher in the Volga region.
Conclusion
At the same time, trends of severe drought in the East European Plain in both QBO phases during the period of active climate change of 1991-2011 were spatially nonuniform. The largest trends of increased drought in May and in June in Ukraine (mostly in the central regions) and in the region to the east of the Sea of Azov were revealed in the eastward QBO phase. Trends of the same sign in the westward QBO phase were detected only in Ukraine. Thus, Ukraine and the region to the east of the Sea of Azov were identified as the most vulnerable regions of increased risk of severe drought during the active growing season at the end of the 20th-beginning of the 21st century in the south of the East European Plain.
Differences of precipitation and severe drought frequency in May and in June in the period of 1953-2011 in the QBO phases are explained by differences in circulation patterns in the westward and eastward phases of the QBO. The intensification of the storm track over the East European Plain in May in the westward QBO phase results in the decrease of humidification in Ukraine and at the center of the European part of Russia. Along with that, the increased aridity in the Volga region and the southern Pre-Urals in May and in June is associated with the higher frequency and/or more powerful extensive anticyclones.
The weather conditions in May and in June in the years of the westward QBO phase in the period of 1953-2011 were Higher difference for spring wheat was associated with its sensitivity to the rainfall deficiency and drought during the active growing season at the East European Plain.
